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ABSTRACT 
In a self-sensing actuator (SSA), a single piece of piezoelectric element is used 
simultaneously as a sensor and an actuator. Since the sensor and actuator are placed at 
the same location, they are truly collocated. Recently, a self-sensing active 
constrained layer (ACL) damping treatment has been introduced. This work has 
shown that a self-sensing ACL will eliminate system instability. However, while the 
viscoelastic layer of the ACL treatment will enhance system damping, it will also 
reduce the control authority from the active source to the host structure. In this study, 
an enhanced self-sensing ACL treatment is proposed. The viscoelastic layer is still 
sandwiched between the host structure and the piezoelectric constraining layer. The 
single piezoelectric element is used as an actuator and a sensor simultaneously. By 
adding two edge elements onto the boundaries of the piezoelectric cover sheet, the 
actuating ability can be increased due to the direct transmissibility from the 
piezoelectric layer to the host structure. On the other hand, the sensing capability of 
the piezoelectric element can also be increased because the converse transmissibility 
from the host structure to the piezoelectric layer is enhanced. A beam structure with a 
partially covered enhanced self-sensing ACL is implemented. Both actuating and 
sensing abilities are evaluated. Their concurrent sensing/actuating performance is also 
investigated. Moreover, some fundamental issues relating to structural control systems 
will also be studied. Experimental results show that the two-way bypass effect via the 
edge elements can significantly improve the piezoelectric actuating/sensing abilities, 
and the overall performance. Therefore, the self-sensing EACL treatment can provide 
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Structural vibration suppression is an important issue in our daily life as people often 
experience vibration. Structures (e.g. bridges and buildings) may suffer from damage 
due to vibration especially under their resonant frequencies. Therefore, structural 
vibration control is an essential research area. Typically, structural vibration control 
can be divided into two major categories: passive and active controls. 
In a passive control system, the vibration is suppressed due to the energy dissipation 
of the system and no feedback is used. The advantages of passive systems are no 
power requirement, simple system design and fail-safe. However, as there is no 
feedback action to the system and the system design is fixed, its performance may not 
be optimized for all situations. For example, we cannot change the viscosity of the oil 
in an oil-damper to adapt itself to different environment. 
In an active control system, actuators, sensors, and controllers are used. The sensors 
are used to collect the information from the external world such as velocity, 
acceleration, external disturbance, etc. Feeding this collected sensing signal back to a 
controller, a control signal from the controller is fed to the actuators. The actuators are 
used to apply forces or torques to the system in order to control the system. The 
advantages of active systems are that it is usually more effective compared with the 
passive ones and can adapt to the changes of the system. However, its power 
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requirement is relatively high and the system may become unstable due to the 
uncertainties such as measurement errors and noises from the external environment. 
As mentioned above, an active control system needs actuators and sensors. Usually, 
they are used separately. In recent years, researchers found that piezoelectric material 
can be used as a sensor and an actuator at the same time as it outputs voltage when it 
is deformed and vice versa. This self-sensing actuator (SSA) was first presented by 
Dosch et al. [1992]. In a self-sensing actuator, a single piece of piezoelectric element 
is used simultaneously as a sensor and an actuator. Since the sensor and actuator are 
placed at the same location, they are truly collocated. The advantage of collocation 
was shown by Goh and Caughey [1985] that in the absence of actuator and sensor 
dynamics, structures controlled with collocated low order controllers, such as velocity 
feedback and position feedback, are unconditionally stable at all frequencies. 
Moreover, by using the self-sensing actuators, the mass added to the system can be 
reduced. Generally, there are two kinds of treatments for using the self-sensing 
actuators. They are purely active and active constrained layer treatments. 
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1.2 Literature review on self-sensing purely active system 
When a self-sensing piezoelectric actuator is bonded onto a host structure directly, it 
is a purely active system with SSA feature. Figure 1.1 shows the configuration of the 
purely active SSA system. Once the host structure deforms, the piezoelectric element 
will also deform and have the same motion as the host structure because it is bonded 
onto the structure directly and perfectly. And therefore, it will output voltage, known 
as sensing signal, which is a measurement of the deformation of the structure. Feeding 
back this sensing signal to the piezoelectric element itself, the piezoelectric element 
will be actuated and forces or moments will then be applied to the host structure 
directly against the deformation or motion of the structure. Some analytical and 
experimental results have shown that the purely active system can effectively 
suppress the structural vibration. 
Dosch et al. [1992] was the first group to introduce the concept of self-sensing 
piezoelectric actuator. He applied a collocated vibration control to a simple cantilever 
beam with SSA. Experimental results have shown that the use of purely active SSA 
treatment can suppress the vibration of the cantilever beam successfully with strain 
rate feedback control (for the first mode) and positive position feedback control (for 
the first two modes). Chen et al. [1996] derived a general finite element formulation 
for self-sensing piezoelectric actuators by using the virtual work principle. Cole and 
Clark [1994] first presented an adaptive algorithm to on-line estimate the dynamic 
capacitance of the self-sensing piezoelectric actuator since the capacitance of the 
piezoelectric material is highly non-linear. And later, Vipperman and Clark [1996] 
implemented this adaptive algorithm to a collocated feedback control experimentally 
and showed that it can adapt the change in capacitance of the piezoelectric element 
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successfully. Yang and Leng [1996] made a comparison for the vibration suppression 
performance by separate piezoelectric sensor/actuator and self-sensing piezoelectric 
actuator and found that the SSA treatment really improved the system performance 
and reliability and also outperformed the separated case. Tani et al. [1997] presented 
the effectiveness and limitation of self-sensing piezoelectric actuators who had 
proposed some suggestions to enable the successful implementation of SSA treatment. 
Farzad et al. [1998，1999] also developed an adaptive control strategy and used PID 
control as the control law for vibration suppression control of cantilever beams using 
purely active SSA treatment. 
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Figure 1.1 Self-sensing purely active system. 
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1.3 Literature review on active constrained layer treatment 
The active constrained layer (ACL) treatment is a system that consists of a piece of 
viscoelastic material (VEM) sandwiched between an active piezoelectric layer and a 
host structure. Figures 1.2 and 1.3 show the configuration and basic operating 
principle of the ACL treatment, respectively. Basically, the idea of the ACL treatment 
came from the passive constrained layer (PCL) treatment. As shown in Figure 1.3, 
when the beam is vibrating, a shear angle of the VEM is produced and energy is 
dissipated, and thus system damping will be increased. If the passive constraining 
layer is replaced by an active piezoelectric layer, the shear angle of VEM can be 
increased due to the active motion of the piezoelectric layer. As a result, the system 
can dissipate more energy and consequently enhance the system damping. Some 
analytical and experimental results have shown that the ACL treatment can have 
better system damping compared with the PCL treatment. 
Baz [1993] proposed the concept of an ACL treatment. In his design, an additional 
piezoelectric sensor was sandwiched between the VEM and the host structure to 
measure the vibration signal. Moreover, based on the Mead-Markus equation for PCL 
treatment, Baz [1993] derived a mathematical model with sixth-order ordinary 
differential equation to govern the bending vibration of an Euler-Bemoulli beam with 
ACL. Baz and Ro [1994] also presented the performance characteristics of ACL 
damping treatment, both analytically and experimentally, which have shown that the 
ACL treatment can add damping to the system. They also presented some guidelines 
for determining the optimal thickness and material properties of VEM to maximize 
the damping and minimize the weight of the ACL treatment [Baz and Ro, 1995]. 
Azvine et al. [1994] introduced another design of ACL where an active piezoelectric 
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element is bonded onto the metallic passive constraining layer. Experimental results 
have shown that this ACL treatment can increase the shear angle created in the VEM 
and, therefore, increase the system damping. Rongong et al. [1997] developed a 
mathematical model based on the Rayleigh Ritz approach to describe the longitudinal 
and flexural vibration behaviors of the ACL damping treatment. Lam et al. [1995； 
used Golla-Hughes-McTavish (GHM) approach to model the viscoelastic material in 
the ACL treatment. Shen [1996] presented the studies of stability, controllability and 
observability on the ACL damping treatment. Shen [1997] also developed a 
mathematical model to prove that the ACL treatment with velocity feedback will 
always ensure that the power dissipation remains positive by the active damping 
(increase the shear angle due to the active action). Moreover, Shen [1997] discussed 
the work-energy relation and the damping mechanisms of ACL treatment. He also 
used extended Hamilton principle to find out the charge equation of electrostatics for 
the piezoelectric constraining layer as well as the equation of motion of the ACL 
treatment. Liao and Wang [1997] investigated the VEM effect of the ACL damping 
treatment concerning the influence of VEM on the passive damping ability, the active 
action authority and their combined effect on the ACL treatment and provided some 
guidelines for designing the ACL damping treatment. Gandhi and Munsky [2000； 
analyzed the mechanism and effectiveness of position and velocity feedback in the 
ACL damping treatment, which have shown that the passive damping mechanism is 
dominant when proportional feedback is used and the active damping mechanism 
(apply force to the host structure) is dominant when derivative feedback is used. In 
the above mentioned papers, there is no self-sensing part included. Yellin and Shen 
1996] presented the use of self-sensing active constrained layer damping treatment 
for an Euler-Bemulli beam. With the use of strain rate feedback control, both 
analytical and experimental results have shown that the self-sensing ACL damping 
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treatment can increase the system damping. Ro and Baz [1999] investigated the 
suppression of the bending and torsional vibrations of plates with the use of 
self-sensing ACL damping treatment. 
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Figure 1.2 Self-sensing active constrained layer treatment. 
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Figure 1.3 Operation of active constrained layer treatment. 
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1.4 Introduction to enhanced active constrained layer treatment 
From the previous section, it is shown that the active constrained layer (ACL) 
damping treatment can enhance the system damping compared with the passive 
constrained layer (PCL) damping treatment due to the increased shear angle of VEM 
by controlling the strain of the active piezoelectric constraining layer. However, Liao 
and Wang [1997] indicated that the VEM layer will degrade the active control 
authorities from the active source to the host structure, i.e. the effective force for the 
active piezoelectric actuator applying to the host structure is reduced. 
In order to overcome the negative effect of VEM on active action transmissibility, 
Liao and Wang [1996] proposed an enhanced active constrained layer (EACL) 
damping treatment in which two edge elements are added onto the boundaries of the 
piezoelectric layer and VEM is still sandwiched between the piezoelectric layer and 
the host structure. Figure 1.4 shows the configuration of the EACL damping treatment. 
Liao and Wang [1998] developed a finite element model for the EACL damping 
treatment with the use of single-term Golla-Hughes-McTavish (GHM) expression to 
model the VEM. Both analytical and experimental results shown that the actuating 
ability can be increased because the active piezoelectric motion can be transmitted to 
the host structure more effectively. 
9 
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Figure 1.4 Self-sensing enhanced active constrained layer (EACL) treatment. 
10 
1.5 Objectives of this research 
It should be noted that only the actuating ability of the EACL treatment has been 
utilized in the previous studies. The same piece of piezoelectric element was not used 
as a sensor at the same time and the self-sensing function has not been evaluated. 
Therefore, the objective of this research is focused on the self-sensing part of the 
EACL damping treatment through experiments. Various experiments will be 
conducted to evaluate the actuating and sensing abilities individually, and the open 
and closed loop performances of the self-sensing EACL damping treatment. 
Comparisons among the self-sensing purely active (PA), active constrained layer 
(ACL) and enhanced active constrained layer (EACL) systems will also be made. 
Moreover, system model will be developed using finite element method to describe 
the system behaviors. 
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1.6 Thesis outline 
This thesis includes five chapters. 
Chapter 1 presents the background of the research, some reviews on the self-sensing 
purely active and active constrained layer treatments and the concept of enhanced 
active constrained layer treatment. 
Chapter 2 presents the controllers used for the structural vibration control and the 
techniques to implement the control laws. 
Chapter 3 shows the analyses on the experimental results for the actuating/sensing 
abilities, open and closed loop performances of three different self-sensing treatments. 
Chapter 4 provides a finite element model for the EACL treatment with three-term 
GHM expression in which to model the VEM. Comparisons between the simulation 
and experimental results of the system responses are discussed. 
Chapter 5 shows the conclusions and future work of the research. 
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Chapter 2 
CONTROL LAW IMPLEMENTATION 
In this chapter, a detailed discussion on the controllers (velocity feedback and position 
feedback control) used in the experiments will be presented. Moreover, it provides 
some techniques to implement the control laws. 
2.1 Electrical equivalent model of piezoelectric material 
The electrical equivalent model for the piezoelectric materials was proposed by Dosch 
et al. [1992]. In order to implement the closed loop experiment to suppress the 
vibration of the system, the use of this electrical model is necessaiy. The piezoelectric 
constitutive laws for one dimensional case are: 
S = s^T + dE (2.1) 
D = dT+s^E (2.2) 
or 
T = c^S + eE (2.3) 
D = eS+s 'E (2.4) 
where S is the strain, T is the stress, s^ is elastic compliance constant, d and e are 
piezoelectric constants, E is the electric field, D is the electric displacement, is the 
dielectric constant. Rearrange Eq. (2.4), it becomes 
^ D eS 广，q E = i ^ (2.5) sS sS 
Then, if Eq. (2.5) is multiplied by the thickness t of the piezoelectric material, it 
becomes 
V = Et =与—专 （2.6) 
sS sS 
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where V is the voltage across the piezoelectric material. 
Let qc/A = D be the free charge per area on the piezoelectric material, and qp/A = eS 
be the induced piezoelectric charge per area due to strain. Therefore, Eq. (2.6) can be 
re-written as 
V = (2.7) 
CS CS 乂 
s^A 
where C^ = —p is the capacitance of the piezoelectric material measured at 
constant stain. 
Eq. (2.7) indicates that the cause of voltage V across the piezoelectric material 
depends on the applied charge q � a n d the induced charge qp of the piezoelectric 
material due to the stain. For a piezoelectric electrical model, Eq. (2.7) can be 
expressed as a charge generator qp in parallel with a capacitor C or a voltage generator 
Vp in series with a capacitor C as shown in Figure 2.1 and q � a n d V � a r e the applied 
charge generator and applied voltage generator, respectively. It is noted that the values 
of qp and Vp are proportional to the strain of the piezoelectric material and, therefore, 
the piezoelectric electrical equivalent model can be used for strain measurement. 
r ^ . , 
「 芬 n 
I • L  
！ t 1 L J 
Figure 2.1 Piezoelectric electrical equivalent models. 
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2.2 Bridge circuit 
In the absence of the applied charge q � o r applied voltage V。，we can measure the 
induced piezoelectric charge qp or voltage Vp directly as the piezoelectric material is 
used as a sensor only in this case. However, for a self-sensing piezoelectric actuator, 
we cannot measure the piezoelectric charge qp or voltage Vp directly because the two 
electrodes of the piezoelectric layer cannot act as input (actuating) terminal and output 
(sensing) terminal at the same time. In order to get the piezoelectric signal, a bridge 
circuit can be used to eliminate the effect on the piezoelectric element due to the 
applied voltage. The two bridge circuits used in this research were proposed by Dosch 
et al. [1992], which are commonly used by other researchers. One circuit is used for 
the strain rate signal measurement and the other is for the strain signal measurement 
of the piezoelectric layer. Using these bridge circuits, we can successfully get the 
sensing signal of the self-sensing piezoelectric actuator. Moreover, based on this 
piezoelectric sensing signal, we can therefore implement the closed loop control for 
the self-sensing actuating system to suppress the vibration. The derivation of the 
bridge circuits is shown below. Although the derivation is not a new concept, it is 
essential for understanding the experiments later in this research. 
2.2.1 Strain rate sensing bridge circuit 
This bridge circuit, as shown in Figure 2.2，is used to measure the strain rate signal 
from the piezoelectric element caused by the strain. It consists of two RC circuits. 
Inside the dashed box is the piezoelectric electrical equivalent model. Vc is the control 
or applied voltage. It is clear that the cause of voltage V2 is only due to the control 
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voltage Vc while the cause of voltage Vi is due to the control voltage Vc together with 
the induced piezoelectric voltage Vp. The difference between Vi and V2 is so-called 
sensing voltage Vs. 
For the upper part of the bridge circuit, using Kirchoffs law, 
d(V2-Vc)c ：仏 (2.8) 
dt 2 R2 
Taking Laplace transform on both sides and rearrange it, Eq. (2.8) becomes 
S[V2(S) - Vc(s)] R2C2 = -V2(S) 
^ V2(S) [S R2C2 + 1 ] = R2C2Vc(S) 
cR C 
- V 2 ( s ) = 翁 Ve(s) (2.9) 
where s is the Laplace transform variable. 
For the lower part of the bridge circuit, using Kirchoffs law, 
d ( v � ( V c + V p )) c s - 0 - V i 
dt P Ri • 
Taking Laplace transform on both sides and rearrange it, Eq. (2.10) becomes 
s[Vi(s) — (Ve(s) + Vp(s))] RlCpS = -Vi(s) 
^ Vi(s) [sRiCpS + 1] = sRiCpS [Vc(s) + Vi(s)] 
sR C^  
^ Vi(s) = ^ ^ ^ [ V c ( s ) + Vp(s)] (2.11) 
Therefore, the sensing voltage Vs = Vi - V2 in Laplace domain is 
Vs(s) = Vi(s)-V2(s) 
= + 一 _ ^ ] V c ( s ) ( 2 . 1 2 ) 
s R ^ q + l P、）sR,C;+l s R A + 1 
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It is found that if the values of the resistor R2 and capacitor C2 are chosen such that 
RiCpS = R2C2, then 
sR C^  
會 端 w (2.13) 
in which the effect due to the control voltage Vc can be eliminated. As a result, the 
cause of the sensing voltage Vs will only depend on the piezoelectric voltage Vp. 
Furthermore, if the operating frequencies are within the range where coRjCp «1， 
then 
Vs(s)«sRiC;Vp(s) (2.14) 
implies Vs �� R^ C； ^ ^ (2.15) 
From Eq. (2.15), the sensing voltage Vs is directly proportional to the time derivative 
of the piezoelectric voltage Vp and thus the signal Vs is said to be the strain rate or 
velocity sensing signal. 
V2 
> 1 
、 椒 声 . 
Piezoelectric material model 
Figure 2.2 Strain rate sensing bridge circuit. 
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2.2.2 Strain sensing bridge circuit 
The strain sensing bridge circuit is similar to the strain rate sensing bridge circuit 
except that the resistors are replaced by capacitors as shown in Figure 2.3. Again, the 
cause of the voltage V2 is due to the control voltage Vc only and the cause of the 
voltage Vi is due to both the control voltage Vc and the induced piezoelectric voltage 
Vp. The voltage Vs = Vi - V2 is the sensing voltage need to be determined. Now, let 
the impedances of the capacitors C2, C3 and Cp' in Figure 2.3 be Z2, Z3 and Zp, 
respectively where 
Z 2 = i ； ， • ， (2.16) 
For the upper part of the bridge circuit, we have 
V2 �= � （2.17) 
Substituting Eq. (2.16) into Eq. (2.17) leads to 
1 
V 2 � =1 �C 2 i V e � + 
C0C2 C0C3 
二 �V 2 �= � （2.18) 
2 3 
For the lower part of the bridge circuit, we have 
Vi �= �+ Vp(t)] (2.19) 
Z2 + 乙 p 
18 
Substituting Eq. (2.16) into Eq. (2.19) gives 
1 
Vi � =广 C2i [Vc �+ Vp � ] 
a)C2 + cdC； 
=> Vi ⑴二 �+ Vp(t)] (2.20) 
The sensing voltage Vs is therefore given by 
Vs �= V i ( t ) - V 2 � 
= ⑴ + ⑴ （2.21) 
C.+C; pU LC2+C; C 2 + C 3 � 
If the capacitance C3 is chosen to be equal to the capacitance Cp' of the piezoelectric 
material, then Eq. (2.21) becomes 
Vs(s) = ; ^ V p � （2.22) 
From Eq. (2.22), it is clearly that the sensing voltage Vs is directly proportional to the 
piezoelectric voltage Vp. Therefore, the sensing voltage Vs is said to be the strain 
sensing signal. 
V2 
Piezoelectric material model 
Figure 2.3 Strain sensing bridge circuit. 
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2.3 Control laws implementation 
From the previous section, we can measure the strain rate and strain signal 
successfully by using the relevant bridge circuits. Moreover, as mentioned in Chapter 
1，the advantage of using self-sensing piezoelectric actuator is that the sensor and the 
actuator are truly collocated. Goh and Caughey [1985] have shown that in the absence 
of actuator and sensor dynamics, structural control by use of collocated velocity 
feedback control is unconditionally stable at all frequencies. Therefore, strain rate 
feedback and positive position feedback (PPF) controls will be implemented for 
vibration control as they guarantee the stability of structures at all frequencies. 
2.3.1 Strain rate feedback control 
� Amplifier  
voltage follower 
^ [KI! i � 
Vl voltage follower 
Figure 2.4 Schematic diagram for the strain rate feedback control. 
Figure 2.4 shows the implementation of the strain rate feedback control. It is seen that 
the closed loop system with the strain rate feedback is simple. The major component 
is the strain rate bridge circuit. Using the strain rate bridge circuit, with the use of 
suitable RC values, the strain rate signal of the system can be measured. Then, 
20 
feeding this strain rate signal into an amplifier, a control voltage Vc can be obtained 
and fed back to the structure to control the system. Because the feedback signal is the 
strain rate signal, it is named strain rate feedback control. 
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2.3.2 Positive position feedback (PPF) control 
The concept of positive position feedback (PPF) control was first proposed by 
Caughey and Goh [1982]. The PPF filter can be treated as a second order compensator. 
With this control law, the measured position signal is fed into the compensator and the 
position signal from the compensator is then positively fed back to the structure. The 
structure or plant and the PPF compensator or filter can be expressed as in Eqs. (2.23) 
and (2.24): 
0 ) 2 Structure: t (2.23) s +2^cos+q) 
PPF filter: 本 2 (2.24) 
where s is the Laplace transform variable, co and cOf are the structural and filter 
frequencies, respectively, % and f^ are the structural and filter damping ratios, 
respectively. Figure 2.5 illustrates the relationship between Eqs. (2.23) and (2.24) with 
K as the control gain. 
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… J �2 1 
+ 
1 V L 
PPF filter 
Figure 2.5 Block diagram of a second order system with PPF filter. 
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Figure 2.6 shows a Bode plot of a PPF filter. It can be noted that the structural 
responses with frequencies higher than the filter frequencies are hardly affected by the 
PPF filter. PPF filter is thus able to add damping to the structure at lower frequencies 
while leaving the high frequency responses almost unchanged. It is very useful 
especially when complicated structures with many resonance frequencies are to be 
controlled. 
Bode Diagram 
20 I • 1——>-• • . I • ' ‘ — — - ‘ _ I I 
- 1 �— ^ ^ ^ ^ � _ 




I 1 I I I I 1__1__I I 1 1 1 1 1—_]_I_ 
0「 1 ‘ , I ‘ ‘ ‘ ‘ ‘ ~ ‘ ‘ ‘ -I 
. f ^ 
1 \ _ 
-135 - \ -
-1 80 L I 1 I I I L_J_I_I 1 1 1 1 1——I~I~ 
1 2 3 10 10 10 
Frequency (rad/sec) 
Figure 2.6 Bode plot of a PPF filter. 
Since one PPF filter with a certain frequency can add damping to the structure at that 
particular frequency, multiple PPF filters can be used to add damping to the structure 
at multiple frequencies by using one self-sensing actuator; i.e., to control different 
structural frequency responses at the same time. Even the stability of the system with 
multiple PPF filters is not as simple as using one PPF filter, DeGuilio [2000] has 
shown by experiments that a system with up to three PPF filters can still guarantee the 
system stability. In this research, we only focus on the first three modes of the system. 
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Figure 2.7 Positive position feedback control with three PPF filters. 
Figure 2.7 shows the schematic diagram to illustrate the closed loop system with 
positive position feedback control using three PPF filters. The implementation of the 
positive position feedback control is similar to that of the strain rate feedback control 
except that the low pass filter is replaced by three PPF filters which correspond to the 
structure's first three modes and the resistors are replaced by capacitors, i.e. change 
the strain rate bridge circuit into the strain bridge circuit as shown in Figure 2.8. 
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Figure 2.8 Schematic diagram for positive position feedback control. 
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2.3.3 Modified strain rate feedback control 
For the previous sections, two controllers, strain rate feedback and positive position 
feedback controls, have been discussed. However, there are some constraints when 
using these controllers, which are usually ignored in the pervious studies. 
For the strain rate feedback control, the feedback signal directly comes from the strain 
rate sensing bridge circuit as shown in Figure 2.4. However, it needs to satisfy the 
condition 
(oRiC; « 1 
where co is the operating frequency of the system. 
For the system used in this research, the natural frequencies of the first three modes 
are about 25 Hz, 135 Hz and 370 Hz, respectively. The values of the capacitance and 
the resistance are chosen to be 0.052 jiF and 10 kQ. 
For the first mode, 
cOiRiC; = 2XTCX25X0.052X10 ^xlOxlO^ 
= 0 . 0 8 1 7 « 1 
which satisfies the condition. 
However, for the second and third modes, the values of coRiC p^ are equal to 0.44 and 
1.21, respectively. They do not satisfy the condition especially for the third mode 
which is greater than 1 • In this case, the sensing signal Vs can hardly be treated as a 
strain rate signal for the second and third modes and the strain rate feedback control 
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cannot be applied. Moreover, this negative effect becomes much more obvious at 
higher frequencies. It should be noted that the strain rate feedback control is 
commonly used as it guarantees the system stability. However, it is found that this 
control law is usually applied only to the systems at frequencies lower than 100 Hz, 
instead of higher frequencies. To overcome this problem, one is to reduce the value of 
the resistor so as to decrease the value of coRiC'p. However, if the value of the resistor 
is reduced, the effect of the noise will become significant as the sensing signal will 
also be reduced at the same time because the potential difference across the resistor is 
reduced. For the positive position feedback control, the main component is the strain 
bridge circuit, which consists of capacitors connected in series. This circuit will affect 
the sensing signal as the capacitor is quite sensitive to high frequency noise. This 
problem is easy to be notified in the experiments where noise is produced when 
conducting the PPF feedback control. 
From the above discussion, a modified strain rate feedback control is proposed. 
Considering Eq. (2.13), the sensing signal from the strain rate sensing bridge circuit is 
1 where a = - — . 
After rearrangement, Eq. (2.13) becomes 
sVp(s) = sVs(s) + aVs(s) (2.25) 
Multiply Eq.(2.25) by (a first order filter), for arbitrary positive real number f, s + f 
；VP(s) =吉 Vs(s) + 5 V s ( s ) (2.26) 
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If the value of f is much smaller than co, 
• V p ( s ) K s ) 
=> Vp(s) = ； ^ V s ( s ) V s ( s ) (2.27) 
As mentioned before, the piezoelectric voltage Vp(t) is directly proportional to the 
strain. Therefore, we can obtain another strain signal expression by multiplying the 
a s sensing signal Vs(s) obtained from the strain rate bridge circuit with ^ ^ and ^ ^， 
respectively, and then adding together. The advantages of this method are that the 
signal is independent of the coRC value and therefore does not have the constraint 
problem occur in the strain rate feedback control and also can eliminate the noise 
produced by the strain sensing bridge circuit in the PPF control With the use of the 
modified strain rate feedback control, the closed loop system can be effective at 
higher frequencies even using strain rate signal. As the original feedback signal is the 
signal from the strain rate bridge circuit, it is named modified strain rate feedback 
control. Figure 2.9 shows an example to illustrate the concept of the modified strain 
rate feedback control with the use of three filters. 
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In this chapter, the actuating and sensing abilities, open loop and closed loop 
responses of a cantilever beam system will be investigated through experiments. 
Comparisons between the performance of the three treatments, enhanced active 
constrained layer (EACL), active constrained layer (ACL) and purely active (PA), will 
also be discussed. 
3.1 Experimental setup 
In order to investigate the effectiveness of the self-sensing enhanced active 
constrained layer treatment, three different cantilever beam systems have been 
developed. One is for the self-sensing EACL treatment, another is for the self-sensing 
ACL treatment and the third one is for the self-sensing purely active system. Using 
those beams, actuating and sensing abilities, open loop and closed loop performances 
will be evaluated experimentally. 
Figure 3.1 shows the detailed configurations of the cantilever beam systems. The size 
and the material of the three beams are the same, which are 300mm L x 25mm W x 
2.5mm H and aluminum. The active piezoelectric cover sheet is made of PZT 
ceramics (Piezo System Inc., PSI-5A-S4-ENH) with size 72mm L x 23mm W x 
0.5mm H, which functions as both sensor and actuator. The size of the viscoelastic 
damping layer (3M ISD 112) is 72mm L x 23mm W x 0.25mm H and 52mm L x 
23mm W x 0.25mm H for the ACL and EACL treatments, respectively. The edge 
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elements of the EACL treatment are implemented by using instant glue (Toagosei Co.) 
while the piezoelectric cover sheet for the PA treatment is bonded to the cantilever 
beam with the use of the same glue. 
17mm 72nim 
Jf 水 >1  
J � � / 23mm Aluminum beam 25mm 
W > i 业 H 300mm PZT 
\ ^^ O.Smm 
W i ' Hi i � 2 . 5 m m 
PZT 
VEM , \ 丁 z 腿 ‘ ^ k :=— 0.25nim 
(C) I 工、2.5mm PZT VEM • 
\ / 丁 z 0-5腿 
I • ==— 0.25mm (d) I / _]工、2.5mm / K——^ I 52mm Edge Element (instant glue) 
Figure 3.1 Configuration of the three cantilever beams: a) top view of the beam, b) 
side view of the PA treatment, c) side view of the ACL treatment and d) side view of 
the EACL treatment. 
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3.2 Test of actuating ability 
In the actuating ability test, a random signal is applied to the piezoelectric cover layer 
to actuate the structure. A laser vibrometer (Polytec OFV 303) is used to measure the 
tip displacement of the cantilever beam when the piezoelectric cover sheet is being 
actuated. The voltage input and the tip displacement signal are input to a FFT 
analyzer (ONO SOKKI, CF-3400) to process the data (see Figure 3.2). 
FFT 
Analyzer 
Random Signal < 
Generator 1 Laser 
- Z Vibrometer 
Z Actuator 
Figure 3.2 Experimental setup for actuating ability test. 
Figure 3.3 shows the frequency response of the actuating ability of the three 
treatments. Given the same level of excitation, larger magnitude indicates higher 
actuating ability of the actuator. For the purely active systems, the peak magnitudes 
are -17.6 dB, —37 dB and -41.3dB for the first, second and third modes, respectively. 
When a VEM is sandwiched between the piezoelectric cover layer and the beam (i.e. 
the ACL treatment), the peak magnitudes are decreased significantly to -43.4 dB, -56 
dB and -60.2dB for the first three modes. This shows that the actuating ability is 
degraded due to the transmissibility reduction caused by the soft VEM. When the 
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edge elements are added to the boundaries of the piezoelectric layer (i.e. the EACL 
treatment), the peak magnitudes are increased again compared with the ACL 
treatment. The peak magnitudes are -18.5 dB, -38.8 dB and -45.2dB for the first, 
second and third modes, respectively which are very close to those of the PA 
treatment. It indicates that the actuating ability of the EACL treatment can be 
enhanced compared with the ACL treatment because of the direct transmissibility 
from the piezoelectric layer to the host structure through the two edge elements 
instead of only through the VEM - bypass effect. It should be noted that the 
amplitude of the EACL treatment is relatively smaller at higher frequencies compared 
with the PA system. This is due to the hybrid effect of the VEM stiffness and damping 
under the current testing setup. 
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Figure 3.3 Frequency responses for actuating ability. 
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3.3 Test of sensing ability 
In the sensing ability test as shown in Figure 3.4, a random signal (peak magnitude is 
+/- 1.6V) is input to a shaker (B & K Ltd, Type 4810) where the root of the cantilever 
beam is attached to it. Once the cantilever beam is vibrating due to the oscillation of 
the shaker, the piezoelectric element will output a sensing voltage at the same time. 
Both the voltage input for the shaker and the sensing voltage output from the 
piezoelectric layer will then be input to the FFT analyzer to process the data. Given 
the same level of excitation, larger magnitude indicates higher sensing ability 
(sensitivity) of the piezoelectric sensor. 
Random Signal ITT 
Generator Analyzer  
，  
V 
> i ^ Sensor 
^  
\ Shaker 
Figure 3.4 Experimental setup for sensing ability test. 
From the frequency responses shown in Figure 3.5, the peak magnitudes of the PA 
treatment are 35.5 dB，15.5 dB and 18.8 dB for the first, the second and the third 
modes, respectively. However, for the ACL treatment where the VEM is sandwiched 
between the piezoelectric cover layer and the host structure, the peak magnitudes are 
decreased significantly to 10 dB, -3 dB and 3.8 dB for the first three modes, 
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respectively. This shows that the sensitivity of the piezoelectric sensor in the ACL 
treatment is lowered due to transmissibility reduction caused by the soft VEM. After 
the edge elements are added for the EACL treatment, the peak magnitude increases 
again compared with the ACL treatment. The peak magnitudes are 34.5 dB, 15.4 dB 
and 17.8 for the first three modes, respectively, which are very similar to the PA 
treatment. It indicates that the EACL treatment can enhance the sensing ability 
compared with the ACL treatment due to the converse transmissibility from the host 
structure to the piezoelectric layer through the edge elements instead of only through 
the VEM - converse bypass effect. 
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Figure 3.5 Frequency responses for sensing ability. 
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3.4 Open loop response 
Experimental setup for the open loop response test is shown in Figure 3.6. In the open 
loop test, there is no control voltage applied to the piezoelectric cover layer and the 
performances of the beam's first three modes are examined. A hammer is used to hit 
the cantilever beam (at the location of 99mm from the fixed end of the beam) to 
perform an impulse test. Both the force input from the hammer and the tip 
displacement of the beam from the laser vibrometer are input to the FFT analyzer to 
process the data. Given the same level of excitation, smaller magnitude indicates 
smaller vibration amplitude of the system. 
ITT 
Analyzer 
Hammer J L 
Bonded element « Laser Vibrometer 
\ U 
一 ‘ ‘ — ‘ 
/ /\/\/ / / / / / / / / " 
Figure 3.6 Experimental setup for the open loop response test. 
Figure 3.7 shows that the PA system has the highest peak magnitude in the first mode, 
which is 44 dB. For the ACL treatment, the peak magnitude of the first mode 
decreases to 39.5 dB compared with the PA system. This indicates that the ACL 
treatment has a significant passive damping effect due to the soft VEM. For the 
EACL treatment, the peak magnitude of the first mode is 42 dB, which shows an 
improvement due to the VEM passive damping compared with the PA system. 
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However, compared to the ACL case, the VEM passive damping effect in the first 
mode for the EACL treatment is reduced. For the second mode, the peak magnitudes 
of the ACL and the EACL treatment are also smaller than that of the PA system due to 
the VEM passive damping effect. For the third mode, the peak magnitude of the PA 
system is still the highest compared with the ACL and EACL treatment. The peak 
magnitude of the third mode for the EACL treatment is smaller than that of the PA 
system and higher than that of the ACL treatment, which indicates that the VEM 
passive damping effect of the EACL treatment is reduced. Table 3.1 shows the 
damping ratios of the first three modes for the three treatments. 
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Figure 3.7 Frequency responses of open loop systems. 
Table 3.1 Damping ratios of the three treatments. 
1 St mode 2nd mode mode 
PA 0.0034 0.0011 0.0020 
ACL 0.0087 0.0020 0.0052 
EACL 0.0046 0.0026 0.0030 
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3.5 Closed loop response 
As discussed in Sections 3.2 and 3.3，we see that the bypass effect via the edge 
elements can significantly improve the piezoelectric actuating/sensing abilities of the 
EACL treatment compared with the ACL treatment. Moreover, from the open loop 
response shown in Section 3.4, the EACL treatment can provide a significant passive 
damping effect due to the soft VEM in the absence of control input compared with the 
PA system. Now, the closed loop responses of the systems will be evaluated. Three 
controllers, strain rate feedback control, positive position feedback control and 
modified positive position feedback control, are used in this research to suppress the 
vibration of the beams. A hammer is used to hit the cantilever beam (at the location of 
99mm from the fixed end of the beam) to perform an impulse test. The force input 
from the hammer and the tip displacement signal of the beam are input to the FFT 
analyzer to process the data as shown in Figure 3.8. Given the same level of excitation, 
smaller magnitude indicates smaller vibration amplitude of the system. 
" " “ ^ 
Controller — Amplifier �A n a l y z e r 
Hammer JL 
p I Laser Vibrometer 
SSA 
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Figure 3.8 Experimental setup for the closed loop response test. 
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3.5.1 Strain rate feedback control 
The strain rate feedback control is used to evaluate the beam's first mode only since 
the strain rate signals for the second and third modes are unavailable as discussed in 
Chapter 2. In this research, the control system is implemented by using Matlab 
Simulink instead of real electronic components for the purpose of convenience as 
shown in Figure 3.9. Using a DSP card as the interface, signal can be on-line 
transferred between the hardware and the software. Therefore, the balancing of the 
bridge circuit can be achieved by adjusting the values of C and R in the software 
which is much more convenient. The low pass filter here is to filter out the unwanted 
high frequency noises and the cutoff frequency is 400 Hz. The amplifier (Piezotronics 
Inc., 790 series power amplifier) is to provide the control gain used to produce the 
control voltage. The values of C and R are 0.052 [iF and 10 kQ, respectively for all 
three treatments. 
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Figure 3.9 Experimental setup for strain rate feedback control. 
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Figure 3.10 Time response of the PA system. 
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Figures 3.10 and 3.11 show the time and frequency responses of the PA system. We 
can see that there is a significant improvement in the vibration suppression of the 
controlled system over the uncontrolled one for the first mode. The peak magnitude of 
the first mode is decreased from 44 dB to 35.6 dB while the damping ratio is 
increased from 0.0034 to 0.0104. As expected, there is no improvement for the second 
and the third mode for which the peak magnitudes of the second and the third mode 
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remain unchanged. The 5% settling time is decreased from 7.6 s to 2.5 s for the first 
mode. Figure 3.12 shows the time response of the applied voltage for the controlled 
PA system, where we can see the maximum peak-to-peak voltage is about 40 V in this 
control case. 
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Figure 3.12 Time response of the control voltage for the controlled PA system. 
As discussed in the section 3.2, the actuating and sensing abilities of the ACL 
treatment is much lower than those of the other two treatments. The control voltage 
that applied to the piezoelectric layer should be much higher in order to actuate the 
structure effectively. However, in our case, the signal to noise ratio for the 
self-sensing ACL treatment is very small compared with the other two systems. From 
Figure 3.13，if the control gain is small, the measured sensing signal is normal. 
However, its voltage magnitude (about ± 3 V) is not high enough to actuate and 
suppress the vibration of the beam structure. If we increase the control gain, the noise 
will destroy the measured sensing signal in the self-sensing ACL treatment even the 
voltage magnitude has been increased as shown in Figure 3.14. Therefore, the control 
authority of the self-sensing ACL treatment is ineffective and the controlled 
self-sensing ACL will be discussed just for comparison purpose in the following 
results. Figure 3.15 shows the comparison between the uncontrolled and controlled 
ACL system in frequency domain and there is no improvement after controlled. 
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Figure 3.13 Measured sensing signal for controlled ACL with small control gain. 
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Figure 3.14 Measured sensing signal for controlled ACL with large control gain. 
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Figure 3.17 Frequency response of the EACL treatment. 
For the self-sensing EACL treatment, the improvement of the vibration suppression 
with control is significant. The time and frequency responses are shown in Figures 
3.16 and 3.17, respectively. The peak magnitude of the first mode is decreased from 
42 dB to 34 dB while the damping ratio of the first mode is increased from 0.0046 to 
0.0115. The 5% settling time is decreased form 6.5 s to 2.3 s for the first mode. Like 
the controlled PA system, there is no improvement for the second and third modes. 
Figure 3.18 shows the time response of the applied voltage for the controlled EACL 
treatment, where the maximum peak-to-peak voltage is about 40 V. 
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Figure 3.19 Frequency responses with strain rate feedback control. 
Figure 3.19 shows the frequency responses of the three different controlled systems 
using strain rate feedback control. Under similar applied voltage (similar level of 
control effort), we found that the self-sensing EACL treatment with control 
outperforms the other two controlled systems for the first mode. Actually, there is no 
improvement for the self-sensing ACL treatment after being controlled in the current 
implementation as mentioned before. For the first mode, the performance for the 
self-sensing PA and self-sensing EACL treatments with control are better than that of 
the controlled self-sensing ACL case, while the uncontrolled ACL treatment having 
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the maximum passive damping effect compared to the uncontrolled PA and EACL 
systems. The performance of the controlled EACL system in the first mode is better 
than that of the controlled PA system as it combines both active and passive damping. 
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3.5.2 Positive position feedback control 
Like the strain rate feedback control, the components inside the dashed box will be 
implemented by using Matlab Simulink as shown in Figure 3.20. The amplifier is to 
produce control gain used for adjusting the control voltage. The values of the 
capacitors Ci and C2 are chosen to be the same value (0.052 iiF) for all the three 
treatments. The model of the PPF filter is the transfer function discussed in Chapter 2. 
I Amplifier  
I  
I I I I I I P P F filter mode 1 1 ‘ 
I Ci • “ I 
1 i|丨丄 r p _ _ + ' 
_^_ ySSA I JC2 Q PPF filter mode 2 • 
I + � 1+ 丨丨 
“ ~ r ^ ] PPF filter mode 3 I 
C/2 L— — — / — — — 一 — —* — •• — J 
« / 
Matlab 
Simulink Figure 3.20 Experimental setup for the positive position feedback control. 
Figure 3.21 shows the frequency responses of the PA system, without and with the 
positive position feedback control. The parameters of the PPF filters are: ^n = 0.2, con 
=20 rad/sec, Kfi = 4.4，^n = 0.2,①位=125 rad/sec, Kg 二 4.8, ^o = 0.2, coo = 385 
rad/sec, Kg = 2. There is a significant vibration improvement after controlled. The 
peak magnitudes of the first three modes of the PA system are decreased from 44 dB, 
33.7 dB and 10.2 dB to 34.6 dB, 28.5 dB and 2.2 dB, respectively. The damping ratios 
are increased from 0.0034, 0.0011 and 0.0020 to 0.0110，0.0021 and 0.0056 for the 
first three modes, respectively. 
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Figure 3.21 Frequency response of PA system. 
For the self-sensing EACL system, there also shows a significant improvement for the 
vibration suppression compared to the uncontrolled case (see Figure 3.22). The 
parameters of the PPF filters are: = 0.2, con = 21 rad/sec, Kn = 4.4, = 0.2, (On = 
125 rad/sec, Ko = 4.8, ^o = 0.2，cog = 385 rad/sec, Ko = 2. The peak magnitudes of 
the first three modes are decreased from 42 dB, 27 dB and 7 dB to 32.8 dB, 24.5 dB 
and 3.4 dB, respectively. The damping ratios of the first three modes are increased 
from 0.0046, 0.0026 and 0.0030 to 0.0121，0.0034 and 0.0046, respectively. 
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Figure 3.22 Frequency response of the EACL treatment. 
Table 3.2 Damping ratios of three systems with and without PPF control 
istmode 2nd mode mode 
PA ^p 0.0034 0.0011 0.0020 
“ 0.0110 0.0021 0.0056 
�A 0.0076 0.0010 0.0036 
ACL P^ 0.0087 0.0020 0.0052 
gap 0.0087 0.0020 0.0052 
a^ 0 0 0 
EACL P^ 0.0046 0.0026 0.0030 
“ 0.0121 0.0034 0.0046 
‘ 0.0075 0.0008 0.0016 
Table 3.2 shows the damping ratios of the three systems with and without PPF control, 
� p and gap represent the damping ratios of the open loop (passive damping only), the 
closed loop (active-passive hybrid action), respectively.�a is the difference between 
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the open loop and closed loop damping ratios, which is from the active action with 
control. Under similar applied control voltage level, from Table 3.2, we found that 
both the self-sensing PA and self-sensing EACL treatments have a significant 
improvement in vibration suppression after controlled while the controlled ACL 
system does not have any improvement. Figure 3.23 shows the frequency responses of 
the closed loop systems with the use of PPF control. For the first mode, the peak 
magnitude of the self-sensing EACL system has the lowest amplitude compared with 
the other two systems while the controlled PA system also has a better performance 
compared with the controlled ACL case. For the second mode, the amplitude of the 
controlled EACL system is still the lowest. But, it should be noted that the level of the 
amplitude reduction for the controlled PA system is larger than that of the controlled 
EACL case for the second mode. For the third mode, the controlled EACL system has 
the highest amplitude compared with the other two systems although it still shows an 
improvement compared with the uncontrolled case. The controlled PA system has the 
largest amplitude reduction level as it has larger actuating ability. 
50 —   
I I I I I I ‘ 
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3.5.3 Modified strain rate feedback control 
Similarly, an electronic circuit will be implemented by using Matlab Simulink as 
shown in Figure 3.24. The amplifier is to produce control gain used for adjusting the 
control voltage. The values of the capacitor Ci，the resistors R and f are chosen to be 
0.052 |iF, 100 kQ and 1, respectively for all the three treatments. The model of the 
filter is the PPF filter discussed in Chapter 2. 
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Matlab 
Simulink Figure 3.24 Experimental setup for the modified strain rate feedback control. 
Figure 3.25 shows the open loop and closed loop responses of the PA system in 
frequency domain. The parameters of the PPF filters are: ^n = 0.2, cofi 二 21 rad/sec, 
Kfl 二 8 ,� f2 二 0.2, (Do = 125 rad/sec, Ko = 12, ^o = 0.2, COB = 385 rad/sec, Ko = 8. 
With the use of the modified strain rate feedback control, there is a significant 
improvement in vibration suppression for the system. The peak magnitudes of the first 
three modes of the self-sensing PA system are decreased from 44 dB, 33.7 dB and 
10.2 dB to 35.2 dB, 29.8 dB and 4.3 dB, respectively. The damping ratios of the first 
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Figure 3.25 Frequency response of the PA system. 
For the self-sensing EACL system, as shown in Figure 3.26, there also shows a 
significant improvement for the vibration suppression compared to the uncontrolled 
case. The parameters of the PPF filters are: ^n = 0.2，con = 19 rad/sec, Kr = 8, = 
0.2, (Of2 = 125 rad/sec, Kq = 12, ^o 二 0.2，coo = 385 rad/sec, Ko = 8. The peak 
magnitudes of the first three modes are decreased from 42 dB, 27 dB and 7 dB to 34.2 
dB, 25.4 dB and 5 dB, respectively. The damping ratios of the first two modes are 
increased from 0.0046, 0.0026 and 0.0030 to 0.0114, 0.0032 and 0.0040, respectively. 
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Figure 3.26 Frequency response of the EACL treatment. 
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Table 3.3 Damping ratios of three systems with and without modified strain rate 
feedback control 
V' mode mode mode 
PA ^p 0.0034 0.0011 0.0020 
bp 0.0104 0.0019 0.0045 
b 0.0070 0.0008 0.0025 
ACL ^P 0.0087 0.0020 0.0052 
“ 0.0087 0.0020 0.0052 
a^ 0 0 Q 
EACL P^ 0.0046 0.0026 0.0030 
“ 0.0114 0.0032 0.0040 
b 0.0068 0.0006 0.0010 
Table 3.3 shows the damping ratios of the three systems with and without modified 
strain rate feedback control.知 and�ap represent the damping ratios of the open loop, 
the closed loop, respectively, ga is the difference between the open loop and closed 
loop damping ratios, which is from the active action with control. Under similar 
applied control voltage level, both the controlled self-sensing PA and EACL systems 
have a significant improvement in vibration suppression compared with the controlled 
self-sensing ACL system as shown in Table 3.3. Figure 3.27 shows the comparison 
between the closed loop systems of the three different treatments using modified 
strain rate feedback control. Due to the combination of the active and VEM passive 
damping effect, the peak magnitude of the self-sensing EACL system has the lowest 
amplitude in the first mode compared with the other two systems. For the second 
mode, the amplitude of the controlled EACL system is still the lowest even the level 
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of the amplitude reduction for the controlled PA system is larger than that of the 
controlled EACL treatment. For the third mode, the controlled EACL system has 
shown an improvement compared with the uncontrolled case. 
50, 1 
, I I I I I ！ 
, , . I I PA 
40 r ！ : ！ ！ - ~ ACL  
30 - - - I - - r r ——u - ！ : ！ ！ ： 
r 真 -卜… : - 4 : ……卜… :… … : … i : 「 
I 0 - ；- ^ - if ； ； ； Am ‘-
I - … 【 條 ： … … ： … … ： - … / 叙 
- 2 。 … … … … … … 丨 ’ 释 ^ ^ ； ^ 辦 , 
I I I I t I I 
•40 I 1 1 1 1 ‘ 1 
0 50 100 150 200 250 300 350 400 
Frequency, Hz 
Figure 3.27 Frequency responses with modified strain rate feedback control. 
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3.6 Chapter summary 
In this chapter, the actuating and sensing abilities, open and closed loop responses of 
the three cantilever beam systems have been evaluated experimentally. By adding the 
edge elements onto the boundaries of the piezoelectric cover layer, it has been shown 
that the two-way bypass effect via the edge elements can really improve the 
piezoelectric actuating and sensing abilities significantly compared with the ACL 
treatment due to the enhancement of the direct and converse transmissibility between 
the piezoelectric layer and the host structure. Moreover, from the closed loop response 
test, the self-sensing EACL treatment not only outperforms the self-sensing ACL 
treatment, but also shows some improvement over the self-sensing PA system. For the 
first mode, the closed loop performance of the self-sensing EACL treatment is mainly 
from the active control contributions while remaining significant VEM passive 
damping. For the second and third modes, the VEM passive damping makes a major 
contribution for the controlled self-sensing EACL treatment in addition to the active 
damping. Therefore, the self-sensing EACL treatment can provide an effective means 
for the structural vibration control in which combines the advantages of both active 
and passive controls. 
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Chapter 4 
SYSTEM MODELING AND SIMULATION 
In this chapter, the system modeling for EACL, ACL and PA treatments by using the 
finite element method will be discussed. Based on the developed models, simulations 
for the open loop and closed loop responses of the systems will be carried out and 
compared with the experimental results. Some concepts on the finite element method 
will also be discussed. 
4.1 Literature review on finite element method 
The finite element method is a numerical approach for solving engineering problems. 
Usually, it is hard or even impossible to get the analytical solutions, which are 
generally in the form of differential equations, of the problems with complicated 
geometries, loadings and material properties. Finite element method can thus provide 
the numerical solutions to approximate these analytical solutions (Chandrupatla and 
Belegundu, 1991). 
In the finite element method, a structure is divided into many small parts called 
elements and the approximation is then carried out over each element. Although the 
change of value of the variables for the entire structure may be highly non-linear, it 
can be assumed that the variables vary linearly over each element. Moreover, for each 
element, nodes are defined which are located at the boundaries of each element. Each 
node acts as a connector that link up the elements. For all elements that share a node 
will have the same physical properties at that node. Figure 4.1 shows the relationship 
between elements and nodes of a beam. From Figure 4.1, it shows that there are two 
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elements and three nodes and those two elements share the same node 2. 
node 1 node 2 node 3 
V — — 1 — — / 
+ / + \ +  
element 1 element 2 
Figure 4.1 Relationship between elements and nodes. 
As mentioned before, the solution of the entire structure obtained by finite element 
method is an approximation. The approximation is usually a polynomial. Two 
examples will be carried out in the following to illustrate the concept of the finite 
element method. 
Consider a two-node bar element as shown in Figure 4.2. Let u be the axial 
displacement function, which is a polynomial, dix and dax be the nodal axial 
displacement of node 1 and 2 respectively, in which 
u = ai + aix (4.1) 
r ‘ /A or in matrix form u = 1 x (4.2) 
1 3 � 
In general, the total number of coefficients a is equal to the total number of the 
degrees of freedom of the element. 
^dix •d2x 
T 7 — H ~ F 
1 ——• X 2 
^ Le H 
Figure 4.2 Two-node bar element 
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Now, the objective is to express the displacement function u in term of the nodal 
displacements dix and d2x. Evaluating u at each node, we obtain 
u(0) = dix = ai (4.3) 
u(Le) = d2x = ai + asLe (4.4) 
Solving Eqs. (4.3) and (4.4), one get 
ai 二 dix and a, 二 dsx-dix (4.5) 
Le 
Substituting Eq. (4.5) into Eq. (4.1), 
u = dix+fd2x-dix]x (4.6) T V ^ e y 
• djx 
or in matrix form u = [N^  N ) � (4.7) 
where N, = 1 - — and N, = — are called the shape functions which express the 
L e 
shape of the displacement function of the element. 
Now, if we consider both transverse displacement and rotation at each node as shown 
in Figure 4.3, the displacement function u can be assumed as 
u = ai + a2X + a3X^ + a4X^ (4.8) 
aiiddiy’d2y， (t)i and 冷之 represent the nodal displacement of the element. 
y，u 
^ ！ ^ ^ 
< Le • 
Figure 4.3 Two-node simple plane beam element 
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Similar to the previous example, in order to express the displacement function u in 
terms of the nodal degrees of freedom, we have 
u(0) = diy = ai 
du(0) 
dx 3 (4.9) 
u(LJ = d2y 二 ai + a2Le + + a^L, 
Solving Eq. (4.9) to obtain ai，sn, as and a4 and substituting back to Eq. (4.8), we get 
r 3 1 1 2 
u二diy+(t)iX+ -—(d^y-d^y)- —(2(|)I+(|)2) X 
L Le � 」 （ 4 1 0 ) 
2 \ 
dly 
or in matrix form u = [N, N2 N3 N^] ‘ (4.11) 
XT 1 3x2 2x3 2x2 x3 where + N2 二 又 - ^ 十 还 
are the shape functions of the element. 
For the dynamic consideration, we are interested in the mass and stiffness matrices of 
a structure. And now, we will present how to calculate the mass and stiffness matrices 
for each element. 
57 
4.1.1 Element stiffness matrix through potential energy 
From the previous section, we know that 
u = Nq (4.13) 
where u is the displacement function, N is the shape function vector, q is the nodal 
displacement vector. Defines the strain of a element 
8 = — - B q (4.14) dx 
where B =兵N (4.15) 
dx 
Therefore, by Hook's law, the stress of an element is 
G = ES = EBq (4.16) 
where E is the Young's modulus. 
Consider the strain energy of a element, we have 
U 二丄 jVsAdx (4.17) 
e 2 
Substituting Eqs. (4.14) and (4.16) into (4.17)，we obtain 
U f q'^ B'^ EBqA dx 
e 2 ” 
or U =丄 qT I" [ B^EB^ dx ] q (4.18) 
e 2 J 
Note that the strain energy in Eq. (4.18) is very similar to that of the strain energy in a 
simple spring in which U = ^kx^. Therefore, Eq. (4.18) can be written as 
Ai 
Ue=全 qTkeq (4.19) 
where ke= B^EBA dx is the element stiffness matrix. 
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4.1.2 Element mass matrix through kinetic energy 
Consider the kinetic energy of an element, 
Te= ^ ju'upAdx (4.20) 
where p and V is the density (mass per unit volume) of the material and volume 
respectively, u is the velocity vector which is given by 
u = N q (4.21) 
It should be noted that the displacement function vector is time dependent while the 
shape function vector is only dependent on displacement x. The dot represents the 
derivative with respect to time. 
Substituting Eq. (4.21) into Eq. (4.20)，we get 
Te= - jq^N^NqAdx 
or Te= fpN^NAdx]q (4.22) 2 
Thus, we get the expression of the element mass matrix me, which is 
m, = fpN^NAdx (4.23) 
59 
4.2 System modeling 
In this part, a mathematical model of a cantilever beam with partially covered 
enhanced active constrained layer is developed by using the finite element method. 
The finite element model of the EACL treatment was first developed by Liao and 
Wang [1998]. In this thesis, the finite element will be modified based on their works. 
The differences are as follows: 
i) The edge elements are modeled as other piezoelectric elements instead of 
equivalent springs with stiffness keq. 
ii) Three-term GHM expression is used to model the VEM instead of using 
single-term GHM expression. 
There are some assumptions for developing the finite element model: 
a) The shear deformations of the piezoelectric layer and the beam are 
negligible. 
b) Same transverse displacement for all layers. 
c) Young's modulus of the viscoelastic layer is negligible compared with the 
piezoelectric layer and the beam. 
d) There is perfect bonding for all layers. 
e) The density and thickness are uniform in each layer. 
Figure 4.4 shows the finite element model of the cantilever beam with partially 
covered EACL, ACL and purely active piezoelectric layer. It can be seen that the 
beam with partially covered EACL is divided into three parts: 1) simple plane beam, 2) 
beam edge elements and 3) ACL beam elements. ACL treatment is in the absence of 
the edge elements while the purely active treatment does not have both edge elements 
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Figure 4.4 Finite element models of beam with partially covered a) EACL, b) ACL 
and c) purely active piezoelectric layer. 
and VEM. 
Let Uc, Us, and Ub be the axial displacements from the neutral axis of the piezoelectric 
layer, the viscoelastic layer and the beam, respectively and (3 be the shear strain of the 
viscoelastic layer. From Figure 4.5，we can obtain the following equations, 
P 二 — ( 4 . 2 4 ) 
u (4.25) s b 2 ax 2 
Uc 二 U b — 宁 # — ( 4 . 2 6 ) 
where tc，U and tb is the thickness of the piezoelectric layer, the VEM and the beam, 




tc Constrained layer 
^ Viscoelastic laver 
tb Beam 
Figure 4.5 Geometry and deformation of an ACL beam element. 
For the ACL beam element, let the local nodal displacements be wi, wi, ui, pi W2, W2， 
U2 and p2 as shown in Figure 4.6 and the local nodal displacement vector is given by 
{p} = [Wi Wi' Ui Pi W2 W2 U2 P2]t ( 4 . 2 7 ) 
Wi 本 l W 2 
广、P i 
W i , W 2 ’ f 
Figure 4.6 Nodal displacement of ACL beam element. 
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From the previous section, the shape functions of the ACL beam element are given by 
r 广 、 2 / 、 3 -
1 _ 3 丄 率 
� ， V v i � � 1 [ � 1 
L , 丄 丄 + 丄 0 0 
[Le � L J � L J� 丄 0 
0 Le 1 一上 
K ( X ) ] T = , / 3 ； [Nu(X)r= I ； K ( X ) r = oLe i X X ^ 
3 r 一 2 r 0 0 � , � 2 , �3"| _2L 0 
L e - 丄 + 上 L e A � L J { K J 0 Le 
L -I 匕 」 L e -I 
0 
0 
where Le is the element length. Moreover, one can express the transverse 
displacement w, axial displacement and shear angle (3 in terms of nodal displacements 
and shape functions: 
w = Nw(x) {p} ； Ub 二 Nu(x) {p}; P = Np(x) {p} (4.28) 
Substituting Eq. (4.28) into Eqs. (4.24), (4.25) and (4.26), we get the axial 
displacement of VEM layer and piezoelectric layer in term of nodal displacement and 
shape functions as 
, r k i 
+ 二 { -a 1 t j [ N J {p} (4.29) 
叔 [N 
一 L丄、pJ_ 
, r J N：! 
U s = U b -•^字 + * p = { - 平 1 * } K ] { p } (4.30) [ K ] 
where a = t^  + . The ‘ here represents derivative respect to x. 
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Now, the expression of displacement functions, nodal displacements and shape 
functions have been defined and we are interested in the element stiffness and mass 
matrices. As discussed before, we can obtain the expressions of the stiffness and mass 
matrices by considering the potential and kinetic energies, respectively. The 
derivation of the stiffness and the mass matrices of the beam element, VEM element, 
piezoelectric layer and the edge elements will be shown in the following subsections. 
4.2.1 Stiffness and mass matrices of beam layer 
The potential energy of the beam is: 
- E J , T dx + —EbAb dx 2 ' [dx' ) 2 {dxj 
=4EbIb{p}Tf[N:]T[N:]dx{p} + “bAb{p}Tf[K]T[K]dx{p} 
2 J) 1 幻 
=全{p}T[Kwb]{p} +去{p}T[Kub]{p} (4.31) 
where [Kwb] = E J , f [ K f [KJdx (4.32) 
•U 
[Kub]= E A t [ K f [ N : ] d x (4.33) 
Eb is the Young's modulus of the beam 
lb is the moment of inertia of the beam 
Ab is the cross section area of the beam 
The first part of Eq. (4.31) refers to the potential energy due to bending while the 
second part refers to the potential energy due to extension. 
The kinetic energy of the beam is: 
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1 , 1 A 
—p人 一 d x + —PbAb —^ dx 
= 4 p b A b ® T f [ N w ] T [ N w ] d x ® + ‘bAb{j>rt[NjT[Nu]dx{j)} 
2 •u 丄 幻 
= = 去 ®T[Mwb] {p} + 去{i)}T[Mub] {p} (4.34) 
where [Mwb] ^ p A t [ N j " [ N J d x (4.35) 
•U 
[Mub] = PbAbf�[Nu]T[Nu]dx (4.36) 
Pb is the mass density of the beam 
The first and the second part of Eq. (4.34) refer to the kinetic energy due to transverse 
motion and axial motion respectively. 
Therefore, the stiffness matrix [Keb] and the mass matrix [Meb] of the beam element is 
[Keb] = [Kwb] + [Kub] (4.37) 
[Meb] = [Mwb] + [Mub] (4.38) 
4.2.2 Stiffness and mass matrices of piezoelectric layer 
Recalling Eqs. (2.1) and (2.2)，the piezoelectric constitutive equations for one 
dimensional structures are 
S = s^T + dE (2.1) 
D = dT + e TE (2.2) 
where S is the strain, T is the stress, E is the electrical field. 
Rearranging Eq. (2.1), we get 
sh 
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= � T= Ec(S-d3iE) (4.39) 
where E =-4- is the Young's modulus of piezoelectric material. 
The virtual work done by the induced strain (force) is 
= Ecd3ibV�(Uc|x=Le -Uc|x=o) 
广�r , "hT, � � r . TiT. �� 
r K ( L j n - a [Kv(0)r - a 
= E c d 3 l b V _ p } T K ( L e ) ] 1 卜 [ N u ( 0 ) ! 1 
N p ( L e ) .人 Np(0). [ t j V ‘“ / 
= Ecd3ibV �{Sp}T{0 a 一 1 一 ts 0 - a 1 t j 
二 {5p}T{Fc} (4.40) 
where {F�} = Ecd3ibVO;){0 a - 1 - t , 0 - a 1 t^ }^  (4.41) 
is the load vector. 
The potential energy of the piezoelectric layer is: 
1 , 丫 」 A 
- E I ~ - dx + - E A - dx 
2 j 2 。 [ d x j 
-|EeUp}Tf[N:]T[N’:]dx{p} 
r T _ T r^r T l 
[ N : 納 [ N ' J 
+ ^ E A i P r r K ] 1 {-A 1 ts} [N：] dx{p} 
L K ] J I t J L K L 
=全{p}T[KwJ{p} +去{p}T[KuJ{p} (4.42) 
where [K.d = EJ , f K f K j d x (4.43) 
•U 
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_ r T-x i-r "h 
1 M m m 
[ K u c ] = ^ E a T K ] 1 { - a 1 t j k ] d x ( 4 . 4 4 ) 
LWJ 1 0 L K l 
Ec is the Young's modulus of the piezoelectric layer 
Ic is the moment of inertia of the piezoelectric layer 
Ac is the cross section area of the piezoelectric layer 
The kinetic energy of the piezoelectric layer is: 
1 A 1 A h f ^ c Y . - p A — dx + -PcAc dx [dtj {dt J 
=^PA{Prr[Nwf[NJdx{p} 
� k l f 卜a) [ N ' J 
+ i p A I P ^ f [ N j 1 { -a 1 t^ } [ N j dx{p} 
LKU [ t j L K l 
= \ {i)}T[M J {p} + 全{i)}T[M J {p} (4.45) 
where [Mwc] = ^ p A f [Nwf [N J d x (4.46) 2 
_ r T-iT r-r • "h 
M N J 卜 a [ K J 
[Muc]= ^ P A . t [ n J 1 {-A 1 TJ [NJ dx (4.47) 
2 r r "I . K J J [ t j LKJ_ 
Pc is the mass density of the piezoelectric layer. 
Therefore, the stiffness matrix [Ked and the mass matrix [Med of the 
piezoelectric layer is 
[ K e c ] = [ K w c ] + [ K u c ] ( 4 . 4 8 ) 
[ M e c ] = [ M w c ] + [ M u c ] ( 4 . 4 9 ) 
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4.2.3 Stiffness and mass matrices of VEM layer 
The kinetic energy of the VEM layer is: 
1 A 1 A 卜「况s丫d —PsAs — dx + :psAs dx 
2 s ^i) l ^ a j 2 s s j ) �次 J 
� [ N . � f - w l � N . n 
L w j 2 c 〕 L w j + i p A i P ^ r [Nu] 1 1 Y K ] dx® 
K ] 等 L . K l 
2 
=全{i)}T[MwJ {p} + 1 {i)}T[M J ® (4.50) 
where [MwJ = . P A f [NJ^[NJdx (4.51) 2 
� N . i r f - ^ l �[N, 11 
L w j 2 f ^ L w J 
[ M u s ] = UASI [ n J 1 1 y [ N j dx (4.52) 2 r i t 丄 ^ l^ T ^  L M Y L M 
Ps is the mass density of the piezoelectric layer. 
Using the theory of linear viscoelasticity presented by Christensen [1982], the 
constitutive equation for a one-dimensional structure is 
(J � =G �p = G(t)s(0) + [ g o — x)-^s(T)dT (4.53) 
dx 
where a is the stress, s is the strain, G(t) is the material relaxation function (the stress 
response to a unit-step strain input). 
Gola and Hughes [1985] and McTavish and Hughes [1993] proposed a method, 
so-called GHM method, to model the viscoelastic material, which represents the 
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material modulus function as a series of mini-oscillator terms: 
S5(S) = G { I + 1 > I 2 ' 2:产， 2 1 (4.54) 
_ i s + + (0-
where is the final value of the relaxation function G(t) and s is the Laplace 
variable. Each mini-oscillator term is a second-order rational function with three 
constants: a-, These constants govern the shape of the modulus function 
over the complex s-domain. 
Considering a three-term GHM expression, we have 
s2mp + k[i + 2 cCi 2 s 2 : 产 . J p = f(s) (4.55) 
_ i s + + cOj 
where k = . 
Let Zi be the dissipation coordinates for i = 1，2，3 and written as: 
, 5 . . P (4.56) s +2 i^C0jS + C0i 
From Eqs. (4.54) and (4.56), we obtain 
G �p = (k + (Xik + a2k + oCglOP - a^kzi - otzkz�-ocskz� (4.57) 
f 1 ) f 2色） 
a^k-V Zi+ oCik"：^ z . - a ikp + aikzj=0 (4.58) I J I J 
Express the dissipation coordinates Zi in terms of shape functions: 
Zi = NZ, (X) {z}, z, = NZ2 (X) {z}, Z3 二 NZ3 (X) {z} (4.59) 
where 
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{z}T={zi z, Z3 Z4 Z3 z j (4.60) 
— — I 「 一 
「1-丄 1 「。1 「 0 
Le 1 一丄 0 
0 Le 1 一上 
[NJx) ]T= I ； [ N , ( x ) f - I ； [ N , ( x ) f - oLe (4.61) 
L； A 0 
0 Le 
_ 0 J L 0 � L Le _ 
The virtual work done by the VEM layer is: 
-As t " (G�p)5pdx 
J3 
T 
= [NJ (G�p)dx 
= -As {5p}T (k + a^k + otsk + otsk) [Np} [Np ]dx{p} 
- a ^ k f [ n J [ n J X { Z } 
- a 3 k f [ N J [ N J x { Z } ] 
= -{§p}T[Ks]{p} + {5p}T[Kpzi]{z} (4.62) 
and 
[m, [C, J{p} + [k , JM : 0 (4.63) 
where 
:Ks] = As(k + (Xik + a^k + ask)^�[Np�[Np]dx (4.64) 
[ N J [ N J x (4.65) 
= [ k J (4.66) 
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K, = A ajk t [N, } [N, ]1X (4.67) 
L Zi J s 1 • ) L Zi J L z丨 J 
M, ]= AsOCik^r t l N , NNZ.IIX (4.68) 
i z, J L Z, J-
A 
K f K l i x (4.69) 
L Zi J S I 而 山 L z , J L z , J 
for i = 1, 2，3. As is the cross section of the VEM layer. 
Therefore, the stiffness and mass matrices of VEM layer are: 
[ K e s ] = [ K J ( 4 . 7 0 ) 
[Mes] = [Mws] + [Mus] (4.71) 
The matrices corresponding to {p} and {z} are [Kp^ . ] and [K p^. ； • 
The matrices corresponding to {z} are [M .^ ], [C .^ ] and [K^ .；. 
The final element stiffness and mass matrices corresponding to {p} are: 
[ K e ] = [ K e b ] + [ K e c ] + [ K e s ] ( 4 . 7 2 ) 
[ M e ] = [ M e b ] + [ M e c ] + [ M e s ] . ( 4 . 7 3 ) 
The final matrix of a element corresponding to {p} and {z} is: 
[ K p z ] = i [ 火 [ 火 ( 4 . 7 4 ) /=i 
The final matrices of an element corresponding to {z} are: 
[ M z ] = ( 4 . 7 5 ) 
i=l 
[CJ= i [ C J (4.76) 
i=l 
[ K z ] = i X ] ( 4 . 7 7 ) 
i=l 
Then, the equations of motion of an ACL beam element are given by: 
"[MJ 0 J{p}-] + ro 0 T{p}1 + p K J [Kpz]] 二 [[Fell 78) 
_ 0 [MjJ[{z}J [O [ C z ] l w � | _ [ K印] [ K j J L 0 � • 
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4.2.4 Stiffness and mass matrices of beam edge elements 
The edge elements are treated as another piezoelectric layers here, while satisfying the 
geometric compatibility at boundaries. The local nodal displacements for the beam 
edge elements (Figure 4.7) are given by: 
Left edge element: 
{PL} 二 [ W ( X I L ) W'(XIL) Ub(xiL) w(xi) w'(xi) UB(XI) p(xi)]T (4.79) 
Right edge element: 
5 T 
{PR} = [w(X2) w ' ( X 2 ) Ub(X2) P(X2) W(X2R) W (X2R) Ub(X2R)] (4.80) 
The shape functions for the left beam-edge element are: 
“ / \ 2 , 、 3 一 
1 一 3三 + 2丄 r 7 V r v i 「。！ M 
4 - - 2 — + — 0 0 
[ N j = / 4 O 卜丫 ； [ N „ J = o S K l，：： 
「 , 、 2 丨 、 3 ] 上 
^ X X T X 
Le + — k — 
1 4 j 0 LLe� 
L J J 
0 
0 
^ ~必了巧了 ; ^： : : 
XiL Xi X2 X2L 
Figure 4.7 Nodal displacements of beam-edge element. 
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The shape functions for the right beam-edge element are: 
“ / \2 / \3 ~ 
1 一 3 丄 + 2 闪 
「 ， 、 2 、 > \ 3 ] [ 0 1 「 0 ] 
Le r - { r 4 r ^ � 
Le V e^y* VH；� 1 一上 0 
[ N j T = 0 ； � e ; [NpR]T= 1 - f 
3⑷— 2上 ‘ 。 
iLeJ iLe j I 0 � / \2 / \3l 一 f. 
L ^ M . L e _ L O 」 
T T 0 _ 
The potential energy of the left edge element is given by: 
全{Pl}T[Kwcl]{Pl} + |{PJT[Kucl]{PL} (4.81) 
where [Kwcl] 二 E J � f [N:L]T[N:L]dx (4.82) 
•U 
r r-r V, 
卜 1 
[KUCL]= ^ E A f k J 1 { - a 1 t j K J d x ( 4 . 8 3 ) 
l K l I J I ts J [ M _ 
The kinetic energy of the left edge element is given by: 
Where [MWCL] = ^PcA, f [N,Lf[N^Jdx (4.85) 2 
�r , "hT . � � � � T , "h [NWLJ^  - a LNWLJ 
[MUCL]=去PcAcf [NUL] 1 { -a 1 t s } [ N j d x (4.86) 
[ K ] \ I ts J IKL]_ 
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The potential energy of the right edge element is given by: 
全{PR}T[KJ{PR} +去{Pr}T[Kucr]{PR} (4.87) 
where [Kwcr] = EJ, t [N:R]T[N:R]dx (4.88) •U 
�[N:RI]T 卜叫 \ K r ] 
[KUCR] = ^ E A T K K ] 1 { -a 1 U K J dx (4.89) 
[ K r ] j 11,1 LKR]_ 
The kinetic energy of the right edge element is given by: 
全 tf>R}T[MwcR]{�R} +全{f)R}T[MucR]{K} (4.90) 
where [Mwcr] = ^PcA^ t [NwRf[NwR]dx (4.91) 2 
�[NWR 们-a) [ K R I 
[MUCR] = ^ P A T [NUR] 1 {-a 1 t j [N,J dx (4.92) 
l K r I J I t s l LKr]_ 
The expressions of the stiffness and mass matrices for the beam element in the 
beam-edge element is similar to that of the ACL beam element in which the shape 
functions are replaced by [NWL], [NUL], [NpL] and [NWR], [NUR], [NpR] for left 
beam-edge element and right beam-edge element, respectively. 
Therefore, the stiffness and the mass matrices of the beam-edge element are given by: 
For left beam-edge element: 
[KedgeJ = [KwbL] + [KubL] + [KWCL] + [KUCL] (4.93) 
[MedgeJ = [MwbJ + [MubJ + [MWCL] + [MUCL] (4.94) 
For right beam-edge element: 
[KedgeR] = [KwbR] + [K—] + [KWCR] + [KUCR] (4.95) 
[MedgeR] = [MwbR] + [M—] + [MWCR] + [MUCR] (4.96) 
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The virtual work done by the induced strain of the edge elements are similar to Eq. 
4.40 in which the local nodal displacement and shape functions are replaced by {PL} 
and [NWL], [NUL] , [ N ^ l ] for left beam-edge element and {pr} and [NWR], [NUR] , [NpR 
for right beam-edge element. 
For the plain beam elements, the nodal displacement is given by: 
{Pb}=[wib w'lb Uib W2b W2b U2b]T (4.97) 
and the shape functions are: 
“ / \2 / \ ~ 
, J X J X 
1-3 — + 2 — 
V^e y v ^ e j �n 1 
Le 二 - 2 � + 闪 0 
[Le � L J I ^ L J � 1 一丄 
[N_]T = , � 2 0 3 ； [NupjT = oLe (^.98) 
3⑷— 2丄 0 T T ^ V^ey V^e； X r / \2 / \3l —— 
T X X T 
Le + — - Le -T T 
L —' 
0 
Its element stiffness [Kpb] matrix and element mass matrix [Mpb] are similar to Eqs. 
(4.31) and (4.34) in which the shape functions are replaced by [Nwpb], [Nupb；. 
In general, the virtual work done by external disturbance force is: 
5Wd = tf(x,t)5w(x,t)dx = {5q}"{f,} (4.99) 
•D 
Now, the element stiffness and mass matrices for all regions have been defined. 
Assembling all the matrices, we can therefore obtain the global stiffness, mass and 
damping matrices of the system. The final discretized equation of motion for the beam 
with partially covered EACL is therefore, 
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Mq + Cq + Kq = f,+fd (4.100) 
where q is the generalized coordinates which include all the local nodal displacements 
p and dissipated coordinates z. 
It is noted that by using the Rayleigh damping, we can estimate the internal structural 
damping Cb = a Mb + b Kb, where Mb and Kb are sub-matrices of M and K， 
respectively. The constants a and b are determined through experiments. The 
global damping matrix is thus 
C 二 [ [ C b ] � 1 (4.101) L 0 [cjJ 
It should be noted that, for the boundary conditions of the cantilever beam, the first 
three rows and columns of the M, C，K matrices are to be eliminated as the nodal 
displacements corresponding to these rows and columns are equal to zero. 
Express the Eq. (4.100) into the state-space form: 
x = Ax + Bu + Bud (4.102) 
y = C,x (4.103) 
where A is the system matrix, B is the control matrix, B is the disturbance matrix, 
Co is the output matrix, Ud is the disturbance vector and the state vector x and the 
control input u are: 
X 二 [qT q^f (4.104) 
u=V � （4.105) 
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4.3 Simulation 
In this part, simulation will be carried out based on the finite element model 
developed to evaluate the system's open loop and closed loop responses. The system 
parameters chosen for the finite element models are shown in table 4.1. The values of 
k ， & 2 ， I " � 2 , I3 ‘ oci, a2 and as are given by Liao [1997]. 
Table 4.1 System parameters, 
a 0.7 xiL 17 mm 
b 1.2x10-6 X2L 89 mm 
Eb T . Ix IO^^nW k 4.93 x 105 pa 
Ec 6.2x IO^^NW 27967 rad/sec 
tb 2.5 mm 公2 22597 rad/sec 
tc 0.5 mm 12422 rad/sec 
ts 0.25 mm ^^  0.78 
Pb 2700 k g W 4.93 
Pc 7600 k g W 19.45 
Ps 1250 k g W ai 15 
be, bs 23 mm a � 1.7 
bb 25 mm as 0.52 
XI 27 mm dsi -190 x lO''^ mA^ 
X2 79 mm L 300 mm 
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4.3.1 Open loop responses 
In the open loop response simulation, an impulse (disturbance) is applied to the 
cantilever beam at x=99mm from the fixed end to perform impulse response. The 
output y is the beam's tip displacement. It should be noted that there is no control 
input for the open loop systems, i.e. u = V(t) = 0. The only input is the impulse. 
Figures 4.8 to 4.10 show the comparison between the experimental and simulation 
results of the open loop frequency responses for the PA system, ACL treatment and 
EACL treatment, respectively. From the Figures, we found that the simulated open 
loop frequency responses for the three treatments by using the developed finite 
element model match closely the experimental results. Figure 4.11 shows the 
simulated open loop systems responses of the three treatments. 
PA without control -- Simulation & Experiment 501 1 1 r - n i 1 1  , , I I I ' I  
I I I ‘ I Experiment 
40 - - I 二 I I : 一一> Simulation 
3 � _ t ： - - - - - ： - - - ! - ； ； ； � - … i  
20 - - - [ - -'r : ’ 二 ： 
；rt!#:):::�:二口裕：： 
1 � � …w k ^ 
：::::丨:::::丨I -40 I I i 1 i ！ i i  0 50 100 150 200 250 300 350 400 Frequency, Hz Figure 4.8 Open loop response of purely act ve system. 
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ACL without control ~ Simulation & Experiment 50, , r- 1 1 1 1 r- 
1 1 1 1 1 1 ' 
! ! ! ! ! Experiment 
40 1 T 1 < I 厂 .’,—.Simulation ‘ _ 
30 - - 4- - - ； -!----•--! : r 丨 
! ； ； ‘ ： ： ： ： ： 
20 - -- -- - \ ]----』_-: ： r ： 
�4B#: 二:::丨:::丨 
- 1 0 NUpw my^^- j - - j j , W i  
• 2 � … … … ！ _ 
, I I t I I • 
, I I I I I I .40 I I I 1 1 1 1  0 50 100 150 200 250 300 350 400 
Frequency, Hz Figure 4.9 Open loop response of ACL treatment. 50, , . . . ‘ ‘ ‘ 
I I I I I 薩 I 
: 丨 ： ： ： Experiment 
40 . - - T 1 , , 「 —— Simulation 30 ——I - - T "I ！ ！ r -i ‘ 
2 0 - - : - ;——^-- 1 -： : 丨 : 
講：丨:::::::::「::::::::::【： 
_40 I i I 1 1 ‘ L 
0 50 100 150 200 250 300 350 400 
Frequency, Hz 
Figure 4.10 Open loop response of EACL treatment. 
79 
50 ； ； i ； ； i ； 
； ； ； ； ； ；I PA 40 - - - f - - ^ ； ； I -； ：——ACL  ‘ ！ ： ： I I . EACL 
30 - - - - - ^ ； - ； 7 -； ； r  ' f i i l i i 
-30 J ‘ J ‘ ^ � 
I I I I I I I 
I I I I ) I I 
I I 1 I I I I -40 I 1 1 1 1 1 1 0 50 100 150 200 250 300 350 400 Frequency, Hz 
Figure 4.11 Open loop responses of the three treatments. 
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4.3.2 Closed loop responses 
In the closed loop responses simulation, we only consider the ideal control systems, 
i.e. the noise, the effect of the bridge circuits, etc will not be modeled here. The 
purpose of conducting closed loop response simulation is to validate the system 
performance after controlled. 
The strain rate feedback control is used to evaluate the systems performance. An 
impulse (disturbance) is applied to the cantilever beam at x=99mm from the fixed end 
to perform impulse response. The output y is the beam's tip displacement. The control 
input u is the strain rate signal, which defines as 
u = KV(t) 
= K[u,(x„t)-u,(x, , t )] (4.106) 
where K is the control gain. 
The state space equation thus becomes 
A 
X = Ax + Bu + BUd 
二 ACIX + BUD (4.107) 
Figure 4.12 shows the simulated closed loop performances in frequency domain for 
the PA system, ACL treatment and EACL treatment, respectively. Compared with 
Figure 4.11，we found that there is no improvement for the controlled ACL treatment 
just like the experimental result and both the controlled PA and EACL systems have a 
significant improvement. It should be noted that if the control voltage is exactly from 
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the strain rate signal, there also have an improvement for the second and the third 
modes. The amplitude reduction level of the controlled PA system is larger than that 
of the controlled EACL treatment. However, in the experiments, the strain rate signals 
for the higher frequencies are invalid. 
50, ； ； i i i , , 
； ; ； ; ; ;| PA 
40 I j 」丨 : : ； 一 ACL ---
30 - - - p - - ^ 二 : ； ； ； 
- 3 0 ；- ^ -； ： ； ： ； 
-40 i I 1 1 1 1 ‘ 
0 50 100 150 200 250 300 350 400 
Frequency, Hz 
Figure 4.12 Closed loop responses with strain rate feedback control. 
As we know that the PPF filters used in the PPF control can be expressed as a transfer 
function, we can therefore written in state space form: 
v | = [ � 2 1 M v , 
" M J • 2 1 l M + [ M v p (4.108) 
_Vc2� L_®f2 一 2gf2t^f2�LVc2� L®f2」 
^ — - n I— — I 「 A 一 
� • c 3 l 厂 0 1 T V c S ] 「 0 1 
c3 = + 2 V 乂 3 �L - ^ f s ' - 2 � f 3 ® f 3 l � c 3 � L ® f 3P 
where Vd, for i == 1, 2，3，is the voltage output from the ith PPF filter, Vp is the sensing 
signal. 
Combining the system dynamic equation with Eq. 4.108 give a closed loop state space 
82 
equation: 
x = + (4.109) 
y = Cx (4.110) 
where x = [q^ q'' v � v � �2 �c2>�3]丁. 
Figure 4.13 shows the frequency responses of the three treatments with the use of PPF 
control. It can be noted that there is an improvement for all the three modes for the PA 
system and the EACL treatment and there is no improvement for the ACL treatment. 
50 1 > 1 1 1 1 1  ! ! ! ! ' > — ACL 
40 ； -； ： ： r PA - - -
, 1 1 1 1 1 EACL 
-30 I ； ； I : ； 
_40o 50 100 150 200 250 300 350 400 
Frequency, Hz 
Figure 4.13 Closed loop responses with PPF control. 
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4.4 Chapter summary 
In this chapter, the system models for the PA, ACL and EACL treatments are 
developed using the finite element method, with the combination of the GHM method 
for modeling viscoleastic materials. 
In the simulation, the performance of the system's first three modes has been 
examined. For the open loop system responses for the three treatments simulated by 
the finite element models match the experimental results closely. Moreover, simulated 
closed loop responses also can predict the vibration reduction level of the systems. 
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Chapter 5 
SUMMARY AND FUTURE WORK 
5.1 Summary 
In this research, some characteristics of the enhanced active constrained layer 
treatment have been studied through various experiments. The contributions of this 
research are the experimental studies on the actuating/sensing abilities and the 
open/closed loop responses of the EACL treatment and the comparisons among the 
three different treatments. A modified strain rate feedback control is proposed to 
overcome the negative effects of the other two controllers. Moreover, an improved 
finite element model is developed to describe the system behaviors. 
From the experimental results, it is found that the purely active system has the highest 
actuating amplitude among the three treatments without excluding the passive VEM 
damping effect in our experimental setup. Moreover, when the VEM is sandwiched 
between the host structure and the piezoelectric cover layer, i.e. ACL treatment, its 
actuating ability decreased significantly for about 20dB compared with the purely 
active case due to the transmissibility reduction caused by the soft VEM. By adding 
the edge elements onto the boundary of the piezoelectric cover layer, i.e. EACL 
treatment, experimental results show that the actuating ability of the EACL treatment 
can be enhanced compared with the ACL treatment due to the direct transmissibility 
from the piezoelectric cover layer to the host structure through the edge elements 
instead of only through the VEM — bypass effect. However, although the actuating 
ability of the EACL treatment increases a lot compared with the ACL treatment, it is 
still less than that of the PA system at higher frequencies (the third mode). 
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For the sensing ability, experimental results show that the sensitivity of the 
piezoelectric layer of the ACL treatment decreases significantly due to the 
transmissibility reduction caused by the VEM compared with the PA system. After the 
edge elements are added for the EACL treatment, it is found that the EACL treatment 
can really enhance the sensing ability compared with the ACL treatment due to the 
converse transmissibility from the host structure to the piezoelectric layer through the 
edge elements instead of transmitting through the VEM - converse bypass effect. 
The self-sensing actuating ability has been examined through the closed loop response 
tests with three controllers. The first two controllers are strain rate feedback (with the 
use of strain rate bridge circuit to get the strain rate signal) and positive position 
feedback (with the use of strain bridge circuit to get the strain signal) controls. As the 
strain rate feedback control is not appropriate at high frequencies due to the constraint 
of the value coRC and the noise problem is significant for the PPF control, a modified 
strain rate feedback control is proposed. With the use of this controller, the above 
negative effects of the first two controllers can be eliminated. From the experimental 
results, we found that the self-sensing PA system has better active control authority 
compared with the other two. As the actuating and sensing abilities of the ACL 
treatment are very low, the effectiveness of the controlled self-sensing ACL treatment 
is very limited. For the self-sensing EACL treatment where edge elements are added, 
the active control authority is increased significantly compared with the controlled 
ACL treatment. Experimental results show that there is a great improvement for the 
controlled EACL system. Even the active control authority of the EACL treatment is 
not as large as the PA system, it maintains a significant passive VEM damping over 
the PA system especially at higher frequencies. Therefore, the self-sensing EACL 
treatment can provide an effective means for the structural control in which combines 
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the advantages of both active and passive controls. 
Moreover, a system model for the EACL treatment is developed using the finite 
element method, while the GHM method is utilized for viscoelastic materials. Results 
show that the simulated open loop system responses match the experimental results 
closely. Even the simulated closed loop system responses do not match the 
experimental results well at this stage, they provide some useful information to 
evaluate the system performances. Therefore, this finite element model is valid for 
describing the system behaviors. 
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5.2 Future Work 
Besides the actuating/sensing abilities, open/closed loop responses of the EACL 
treatment have been investigated. Some works still have the room for further studies: 
1. It should be noted that the results presented in this thesis are valid in the cases 
been discussed. It does not mean that it is always valid for all other cases as the 
system performance will be affected by various parameters such as the location 
and size of the piezoelectric layer, the thickness and the modulus of the VEM, 
the stiffness of the edge elements, etc. Therefore, it is worth to have a parametric 
study on the system to study more cases and optimize the system performance. 
2. The parameters of the PPF filters used in this research are tuned manually. It may 
be better to tune the parameters online or offline automatically in order to 
optimize the closed loop responses. 
3. The circuit parts in the implementation of the closed loop systems should be 
modeled in order to have more realistic understanding and serve as a tool for 
further design and analysis. 
4. The developed finite element model is for one-dimensional structures; 2D or 3D 
model is worth to be developed to study more general structures such as plates or 
shells. 
5. Besides the system modeling, experiments on the plate or other 3D structures 
should also be carried out. 
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